Evolution of genes that specify cytosolic phosphoglucose isomerases (PGIs) has been studied in a natural intraspecific polyploid complex (Dactylis glomerata L.). Analyses of genetic control, polymorphism, and gene expression have been carried out in plants collected from numerous populations that belong to 14 diploid subspecies originating in the middle or at the end of the Tertiary period and to three tetraploid subspecies that very likely developed during the last Ice Age. The results show that in each one of the 17 Dactylis subspecies, cytosolic PGIs are specified by two tightly but not completely linked polymorphic loci. Moreover, these show considerable structural similarity since the numerous subunits that each locus specifies associate with those coded by the other locus and most of the dimeric enzymes formed by subunits specified at each locus show exactly the same electrophoretic mobilities. Consequently, one of the two genes is considered to have originated from the other by a process of gene duplication (very likely a tandem one). In this particular case, the duplicated gene has not been distinguished from the ancestral one. The PGI duplication is present in the whole Dactylis monospecific genus but has never been found in the other genera of the same tribe. Since the fixation of a particular gene duplication is considered to be a rare or even unique event, it might have occurred in the primitive forms of diploid Dactylis. Tetraploids show a doubled duplication consequent on the polyploidization process of diploids that already possessed the PGI duplication. The reasons why this duplication has been conserved with the full expression of all the genes throughout evolution of this polyploid complex are examined separately for the two ploidy levels. In diploids, the main reasons could be gene recombination that slows down the rate of gene silencing, unregulated enzyme synthesis, and also differences in enzyme properties. These may confer a selective advantage when distinct alleles can be present, because of the gene duplication, in a single individual. The quite recent origin of the tetraploids and their autopolyploid genetic structure-which does not show f&d heterozygosity and, consequently, possible negative heterodimeric interactions between homeoalleles such as would be the case in allopolyploids-could explain why full expression of the cytosolic PGIs' doubled duplication is maintained in tetraploid Dactylis.
Introduction
Phosphoglucose isomerase (D-glucose-6 phosphate ketol-isomerase, EC 5.3.1.9; PGI) is a dimeric enzyme that catalyses one of the obligatory reactions in the glycolytic pathway. As well as being ideal for studies of biochemical syntheses, these enzymes have been particularly favorable for investigations of molecular evolution. Thus, the discovery of compartmentalization of the PGIs either in cytoplasm or in chloroplasts (Schnarrenberger and Oeser 1974; Schnarrenberger et al. 1975; Simcox and Dennis 1978; Weeden and Gottlieb 1980a ) and the knowledge that both the cytosolic and the plastid forms are specified by distinct nuclear genes (Weeden and Gottlieb, 1980a) have given rise to several alternative evolutionary models to explain the relationships between these genes; for example, Weeden (1983) has offered arguments-based on comparisons between plastid forms of PGIs in spinach and cyanobacterial PGIs-to support the hypothesis of a prokaryotic origin for the genes responsible for these enzymes in plants. Other evolutionary investigations have developed from the observation of PGI polymorphism in several diploid and polyploid animal or plant species. In diploids the well-studied example is that of Clarkia, in which duplication of the gene responsible for cytosolic PGIs (very likely a unique event) has occurred during the evolution of this genus so that several species show this duplication while others possess only the ancestral locus (Gottlieb 1977; Gottlieb and Weeden 1979) .
PGIs have also been investigated in several allopolyploid species. Fixed heterozygous patterns have generally been observed, such as those seen in several polyploid species of Festuca (Adams and Allard 1977; Lewis et al. 1980) , Clarkia , wheat (Hart 1979) , and strawberries (Arulsekar et al. 198 1) . Another well-known example is that of the castostomid family of fishes, for which the allopolyploidization is supposed to have occurred 50 Myr ago. Variations in the expression of the duplicated PGI genes since this event have been observed in numerous species in this family (Ferris and Whitt 1979) .
Few data are available concerning the evolution of PGIs in autopolyploid complexes, with the exception of the well-studied fish family, the Salmonidae, in which the polyploidization process occurred 100 Myr ago. A partial loss of PGI gene expression is supposed to have arisen by accumulation of null alleles in several species of this group (Stoneking et al. 198 1) . In plants, the genetic control of PGIs has recently been established in several autotetraploid species, such as Solanum tuberosum (MartinezZapater and Oliver 1984) ; still, very little is known about the expression of PGIs in these autopolyploid species. However, as previously reported by Weeden (1983a) for autopolyploids, all the divergence that could be observed between the loci could (with much more reliability than in allopolyploids) be attributed to changes occurring since the duplication of the genome.
The present paper examines the genetic control, polymorphism, and gene expression of PGIs in a natural autopolyploid (or infraspecific polyploid) complex, Dactyh glomerata L. It is a perennial and essentially outcrossing species with a primary distribution in a part of Asia, in Europe, and all around the Mediterranean basin. Dactylis, a rather isolated monospecific genus in the tribe Festuceae of the grass family (Domin 1943) , includes plants of three ploidy levels.
The diploids (N 5% of the total individuals) belong to 14 morphologically distinct subspecies that, at the present time, are generally allopatric. Even the more widespread types occupy specialized habitats that are essentially characterized by regular and predictable variations in their environmental conditions (Stebbins and Zohary 1959; Borrill1977; Lumaret 198 1 b) . The most ancient diploid subspecies (or their precursors) are considered to date from the Miocene epoch (i.e., the middle of the Tertiary period) (Borrill 1977) .
The cytological autotetraploids are the most common forms of DactyZis (-95% of the total individuals) and are generally distributed in a wide range of habitats. They Doubled Duplication in the Ductylis glomerutu 501 belong essentially to three -main, distinct subspecies, each occupying one of the three main climatic zones (mesic temperate, Mediterranean, and subtropical) occurring in the general distribution area. Where there is considerable interpenetration of several types of climate, these tetraploid types may be connected by a whole range of intermediates originating from numerous examples of natural hybridization. The tetraploids are considered to have originated during the last Ice Age. The possibility that tetraploids could have arisen from diploids by intersubspecific hybridization followed by chromosome doubling cannot be ruled out because such opportunities could easily have occurred at the time when the diploid distributions were substantially more widespread than they are at present. However, recent investigations in several particular areas where morphologically indistinguishable diploid and tetraploid Dactylis plants are found to grow together clearly support the idea of a true autopolyploid origin for these tetraploid plants. As such, they may well have arisen by the fusion of nonreduced gametes (Borrill and Lindner 1971; Borrill 1977; Lumaret 1981b and unpublished data) .
Hexaploids represent a very low proportion of Dactylis individuals (m 1% of the total individuals). They are not morphologically distinguishable from the Mediterranean tetraploid type and have been found only in Cyrenaica, in particularly xeric conditions (Jones and Borrill 196 1) .
Gene flow is considered to be important between tetraploids but less frequent between diploids or heteroploids. Investigations in areas where diploid and tetraploid subspecies are in contact have shown that gene flux is predominantly from the diploid to the tetraploid level and not in the reverse direction (Zohary and Nur 1959; R. Lumaret, unpublished data) . Given the above information it would appear that D. glomerata is a particularly suitable species for an examination of the polymorphism and expression of genes responsible for PGIs throughout this polyploid complex.
Material and Methods

Plants
Seeds from the 14 known diploid subspecies were originally collected from 24 natural populations. These seeds were obtained from the Welsh Plant Breeding Station (Aberystwyth, Wales) or from my own collection. In addition, seeds from tetraploid plants were collected in nature from 41 populations located mainly in Europe and North Africa. They belong to three tetraploid Dactylis glomerata subspecies, namely, subspecies glomerata, which occurs in the mesic temperate-climate area, hispanica, from the Mediterranean area, and marina, which is found only along the seashore in subtropical climate conditions. Localities of either diploid or tetraploid populations are partly mapped in figures 4 and 5, and their precise geographical coordinates have been given in previous papers (Lumaret 1984a, 19843) . The geographical distributions of the subspecies themselves also have been previously indicated (Stebbins and Zohary 1959; Borrill1977; Lumaret 1984a Lumaret , 1984b Lumaret , 1985 .
Several adult plants that had been obtained from the seeds of different diploid or tetraploid subspecies were used for crosses or selfings. Since Dactylis is mostly, but not exclusively, allogamous, parental genotypes of known constitution at the GOT I or the AcPH I loci (Lumaret and Valdeyron 1978; Lumaret 1981a) were chosen in crosses in order to aid identification of the progeny obtained from selfing and/or crossfertilization.
Lumaret Sampling and Growing Conditions
The seeds were germinated and seedlings grown in the greenhouse for 3 mo in uniform conditions (20 C day, 15 C night; each 12 h long) until they were assayed. In general, one seedling individual per mother plant in nature was examined. The average number of plants per sample was 50.2.
In a few cases, an additional and larger sampling was performed (using as many as several hundred plants) when data concerning genotypic distributions in nature were needed. In those cases, leaves from plants collected directly in situ and grown in uniform conditions were used for enzymatic analyses.
Protein Extraction and Electrophoresis
Most of the enzyme analyses were carried out using leaf protein extracts. A crude juice was obtained from 0.5 g of young leaves homogenized in a mortar with sterilized sand and 0.5 ml Tris-HCl buffer (0.1 M, pH 7.6) containing 1% polyethylene glycol 20,000 (Merck) and 2% sodium thioglycolate (4 mM; Merck). The homogenate was centrifuged for 15 min at 30,000 g, and the supernatant was immediately stored at -80 C before analysis.
In addition, a few soaked or crushed pollen extracts were used for particular studies. The methods were adapted from those described by Weeden and Gottlieb ( 1980b) : soaked pollen extracts were obtained by placing 10 mg fresh pollen for 6 h in 0.5 ml of 0.1 M Tris-HCl (pH 7.6) chilled buffer containing 1 mM ethylenediaminetetraacetate (EDTA) and 8 mM sodium thioglycolate. These extracts were directly used for electrophoresis. Crushed pollen extracts were obtained by grinding the soaked pollen suspension by hand in a chilled mortar and centrifuging it for 10 min at 10,000 g. The supematant was then used without storage.
Horizontal starch gels were employed to separate the electrophoretic variants of the PGI enzymes. Gels were prepared with a 12% solution of Bender and Hobein (Munich) potato starch, hydrolyzed according to the method of Moretti et al. (1957) . Both discontinuous Tris-citrate/lithium-hydroxide buffer systems (with 5 mM/liter EDTA added in gel buffer) and the technique of Selander et al. ( 197 1) were used. Each protein extract was absorbed onto a double 3 X lo-mm piece of Whatman no. 3 filter paper, which was inserted in the gel into a well 4 cm from the cathode.
Electrophoresis was carried out until the tracking dye (bromophenol blue) had migrated 12 cm from the wells. Then gels were sliced horizontally and the lowest slice was used for the staining process. PGI activity was detected using a brush with a solution containing 10 mg fructose-6-phosphate, 1 ml MgC& (lo%), 3 mg nicotinamide adenine dinucleotide phosphate (NADP), 5 mg nitro blue tetrazolium, 3 mg phenazine methosulfate, 3 units glucose-6-phosphate dehydrogenase, and 5 ml 0.2 M (pH 8.0) Tris-HCl buffer. The staining process was assayed in dark conditions at 38 C for 10 min, and the gel quickly rinsed and fixed in 50% ethanol at 4 C to avoid diffusion. The relative intensity of electrophoretic bands was measured with a densitometer for the first surveys of PGI gel-banding patterns and heredity studies.
Enzyme Denaturation by Heat
The total quantity of leaf protein extract obtained from each plant according to the standard procedure described above was divided into numerous 200~j.tl aliquots and placed in capped tubes for 20 min in a regulated water bath at temperatures ranging from 45 C to 60 C with l-degree C steps. After the denaturation process, the = 2; 1.00 = 3; 1.25 = 4, and 1.50 = 5 (phenotypes l-5 in fig. 2 ). The index value 1 .OO was given to the most frequent class, and other indices were calculated as relative migration distances. Most of the other phenotypes showed three banded patterns, each one of the two extreme bands corresponding to one of the five previously described migration distances with, in each instance, the third band being of intermediate mobility between the two extreme bands. When, taking into account the relative staining intensities of bands (which were measured using a densitometer), a combination of any two extreme mobilities (e.g., 1 = 0.50 and 3 = 1.00) was considered, three different phenotypes could be found in each case. Two of these phenotypes showed one extreme and intensively stained band (nearly 9/16 of the total intensity of the three bands), an intermediate band with a slightly lower intensity ( -6/ 16), and the other extreme band of very low intensity ( l/ 16); these two phenotypes represent inverse patterns and can be distinguished by the relative intensity of the highest and lowest bands. The third phenotype shows two extreme bands of the same (or nearly the same) intensity (-l/4 each) and an intermediate, more intensively staining band (nearly l/2). Two of the three phenotypes that could be found combining mobilities 1 and 3 are shown in figure 2 (phenotypes 6 and 7); the third is the inverse of 6. Fewer numbers of five-, six-, or seven-banded phenotypes were also found (phenotype 8 in fig. 2 ), with several different relative intensities for the same migration distances. A chromosome survey was run on those plants that showed multibanded phenotypes. Fourteen chromosomes were observed for each one, so their larger number of PGI isozymes cannot be attributed to additional chromosomes.
Doubled Duplication in the Ductyh glomeruta 505
A few tetraploid individuals showed a single band in region II, usually at level 1 .OO (see the b phenotype in fig. 1 ). Three-banded phenotypes are regularly found in tetraploids. They are composed of either ( 1) two extreme bands located at two of the five migration distances (0.50-l .50) previously described for diploids or (2) one of the four additional band mobilities (0.25 = 6; 1.75 = 7; 0.67 = 8; and 1.12 = 9) that are peculiar to tetraploids.
The third enzyme band is always halfway or approximately halfway between the two extreme bands. Moreover, taking into account the relative band intensities, as many as seven different phenotypes can be identified for each three-band combination. When the extreme band levels involved are l-5, three of these seven phenotypes are similar to phenotypes found in diploids (e.g., phenotypes d, k, and 1 in fig. 1 and 6 and 7 in fig. 2 ). Many five-, six-, or seven-banded phenotypes also can be observed. Their diversity arises from the combination of electrophoretic migration distances and intensities of bands. Several of these tetraploid phenotypes are similar to some phenotypes found in diploid individuals (e.g., phenotypes e, f, and i in fig. 1 and 8 in fig. 2 ), while others (e.g., phenotypes c, g, and h in fig. 1 ) are peculiar to tetraploids. As many as 11 PGI bands per plant have been found in region II in a few rare tetraploid individuals (e.g., phenotypes j in fig. 1 and 11 in fig. 2 ) but never in diploids.
Genetic Control of PGI Phenotypes in Region II
PGIs have been shown to be dimeric enzymes in the large number of animal and plant species that already have been examined. This number includes several graminaceous genera, such as Zea (Salamini et al. 1972) , Festuca (Adams and Allard 1977; Lewis et al. 1980) , Lolium (Hayward and McAdam 1977; Nielsen 1980) , Bromus (Kahler et al. 1981) , Oryza (Second and Morishima 1981) , Triticum (Chojecki and Gale 1982) , Hordeum (Gilliland et al. 1983) , and Poa (Lin et al. 1984) . In Dactylis, the variation for PGIs (in region II) is fully consistent with a dimeric subunit structure. With this assumption, and to account for the large range of variation in both the number and relative intensities of bands observed in diploid as well as in tetraploid phenotypes, the following hypotheses were formulated: (1) Cytosolic PGIs are specified by at least two different polymorphic genes corresponding to two distinct (paralogous) loci (PGI 1 and PGI 2) at both the ploidy levels. (2) Most, if not all, polypeptide subunits specified by codominant alleles at PGI 1 constitute enzymes that have the same electrophoretic mobility as do enzymes specified by codominant alleles at PGI 2. Consequently, all polypeptide subunits, whether coded for at PC1 1 or PGI 2, that show the same electrophoretic mobilities cannot be distinguished. They may be, but are not necessarily, identical. At least nine alleles with distinct electrophoretic mobilities can be identified in the whole species; they are called PGI 1-2, with the indexes 0.25, 0.50, 0.67, 0.75, 1.00, 1.12, 1.25, 1.50, and 1.75. Heterodimeric enzymes formed by two distinct polypeptide subunits specified by two different alleles at one locus (intralocus heterodimers) cannot be distinguished from interlocus heterodimers, so that one phenotype could correspond to several genotypes.
With the hypotheses formulated above taken into account, examples of overall allelic dosages at loci PGI l-2 are indicated in figure 2. The different phenotypic patterns assume that the alleles produce equal amounts of the respective polypeptides, that the dimeric molecule is the result of the random combination of the subunits, and that the relative staining intensities of the different dimers are very similar when the latter are produced in the same quantity. Since two loci are involved, diploid Doubled Duplication in the Dactyris glomeruta 507 interlocus) in addition to the observation of more than two (and as many as four) variants of homodimers in the same diploid individual strongly supports the idea that PGIs are specified by genes at (at least) two distinct loci at the diploid level. Unfortunately, in the tetraploid material, the pollen/leaf comparison of PGIs cannot be used to distinguish intra-from interlocus heterodimers because pollen grains are diploid. Therefore, pollen from digenic tetraploid plants consists, at least partly, of grains with more than one allele at each locus, so that intralocus heterodimers are present. However, the whole range of phenotypic variation in tetraploids emphasizes the probability that, at this ploidy level as well as in the diploid case, PGI is specified by genes at more than one locus.
Progenies from crosses were analyzed to examine the genetic control of the bands. Table 1 reports the progeny segregations from seven crosses, five between diploid plants and two between tetraploid ones. The best explanation that could be proposed for the segregations of PGI phenotypes in diploids assumes the occurrence of two loci that, moreover, are tightly linked. A few recombinant types (-2%) could be observed in crosses 3 and 4. The same hypotheses had to explain results at the tetraploid level. Tetrasomic inheritance with the index of separation considered to be equal to zero was also postulated because it was previously found to occur in several studies of enzyme genetic determinism in Dactylis (Lumaret and Valdeyron 1978; Lumaret 1981a Lumaret , 1982 .
With all these assumptions taken into account, the observed and calculated frequencies were compared by x2 tests. No significant differences were found at the 0.05 level between the two distributions. Segregations for PGIs were therefore considered to be similar to those that would correspond to enzymes specified, at the two ploidy levels, by polymorphic structural genes at two highly but not completely linked loci (i.e., close on the same chromosome). Each one of these genes showed several codominant alleles. No evidence for the occurrence of null alleles was ever found. Any of the five electrophoretically detectable alleles that have been observed in the whole diploid subspecies (migration distances 0.50, 0.75, 1.00, 1.25, and 1.50) could be present at both the loci, because single-banded diploid phenotypes have been regularly found in natural populations. The same remark could be made for tetraploids regarding PGI 1-2o*75, PGI 1-21*oo, and PGI l-21.25. No single-banded phenotype at mobilities 0.50 or 1.50 was ever found in natural populations, but they have been easily obtained from crosses and self-pollinations of plants showing phenotypes that indicated that a very high proportion of either of these alleles (more than half) is present. So, alleles that specify homodimeric enzymes with the 0.50 and 1.50 electrophoretic-mobility levels are also present at both the loci.
Several attempts were made, using appropriate crosses or selfings, to obtain genotypes in which each one of the alleles (PGI l-20.25, PGI 1-2o*67, PGI 1-21*12, and PGI 1-21*75) was more than half the total. (These are rare and very likely present only in the heterozygous condition in nature.) In each case, only genotypes with no more than half the proportion of these alleles (four out of eight alleles) could be obtained. Consequently, alleles coding for homodimeric enzymes having these four migration distances were considered to be present, at least in the sampled populations, at only one of the two PGI loci.
Stability and Relative Expression of Individual PGI Enzymes
All PGIs in Dactylis were found to be stable, and no changes in phenotypes were observed in relation to age of plants, position of leaves, seasons, or other variables in leave growth conditions. However, if senescent leaves are used, two new bands with faster anodal migration and decreasing staining intensity can be observed for each usual band. These extra bands, which could be connected with the molecular catabolism that occurs in senescent tissues, were also observed in extracts from growing leaves when occasional modifications-such as partial oxidation, variations in temperature, or even thawing of the enzyme during storage-to the standard extraction procedures were used before electrophoresis. Similar variations of the band number in PGIs resulting from modifications of the extraction procedure have been previously pointed out in Lolium (Jones 1983) . The possibility of a protease action was proposed as an explanation in that case. Moreover, the process that produces a variable number of isozymes specified at a single gene (PGI 1) in seeds of Lycopersicon esculentum (Tanksley 1980) could also be analogous.
Several experiments concerning PGI denaturation by heat were conducted in Dactylis using digenic-duplex diploid genotypes (equal proportion of two different alleles) combining the electrophoretic mobilities 0.50, 0.75, 1 .OO, 1.25, and 1.50. All enzymes began to be similarly denatured at 54 C, and no more enzymatic activity was detectable at 57 C. No novel thermomorph that would be specified by new alleles was found in the numerous sampled individuals belonging to several diploid subspecies.
Different digenic-duplex diploid genotypes were also used to measure, by densitometry of band intensity on zymograms, the relative expression of the alleles. Only slight differences were noticeable when leaf extracts were analyzed. In pollen, however, more variation was sometimes observed between the homodimer's expression (see phenotype B in fig. 3 ). The highest expression was that of PGI 1-2'.0°, for which the homodimeric band has a medium migration within the whole range of electrophoretic mobilities. Relative expression of the other alleles was found to decrease as their homodimeric enzyme positions on gels were more distant from the PGI l-2 'XI homodimerit band.
The staining intensity of bands was compared (from standard 0.5-g fresh leaves extracts) between diploid and tetraploid individuals showing the same relative allelic dosage. In general, little or no difference was observed, so that doubling the number of chromosomes and therefore the number of genes does not seem to alter the concentration of the various PGI isozymes.
Polyploidy could be considered to have no major consequence on the ratio of cytosolic to total PGI (the sum of the cytosolic and plastid PGI band staining intensities), since the proportion, measured by densitometry, from 18 diploid and 27 tetraploid plants was found to be 73.9% (+2.1%) in the former and 74.8% (+2.8%) in the latter. These values would classify D. glomerata in the second group of species, as previously defined by Gottlieb and Higgins (1984) , with values ranging from 73% to 80%.
Geographic Distributions of Alleles
The polymorphism at the PGI l-2 loci in numerous diploid or tetraploid populations was studied in order to obtain information concerning the following series of fundamental questions: (1) Are all the alleles equally distributed in populations both within and between the different subspecies, and, if not, what can be deduced from the variation patterns? Are some particular alleles predominant? (2) Are both the loci (PGI 1 and 2) always present in each Dactyh subspecies and in each population? (3) What would be the relative proportions of (a) chromosomes bearing, at both the loci, alleles that specify enzymes with an identical electrophoretic mobility Doubled Duplication in the Dactylis glomeruta 5 I 1 and (b) chromosomes bearing distinct alleles? Could allelic differentiation between the two loci have occurred during evolution?
Allelic frequencies at loci PGI l-2 (considered as a whole) are shown in figures 4 and 5, respectively, for 23 diploid and 29 tetraploid populations. Several points of similarity concerning the allelic distribution patterns can easily be noticed between the two ploidy levels. PGI 1-21.25 and PGI 1-2o*75 are rather ubiquitous, the former being more widely distributed in the western part of Europe and decreasing in frequency as one moves eastward, until the latter becomes predominant in the Mediterranean area. PGI 1 -2'a5' and PGI l-2 lso are more sparsely distributed, but they are both present at the two ploidy levels. Four very rare electromorphs (electrophoretic mobilities 0.25,0.67, 1.12, and 1.75) are peculiar to tetraploid populations, where they are always present in very low frequencies.
Neither diploid nor tetraploid D. glomerata subspecies can be distinguished by polymorphisms at loci PGI 1-2, although good homogeneity within the subspecies and some variation between the subspecies can readily be observed.
In a few situations involving tetraploid plants, allele frequencies show tremendous variation between populations located a few hundred meters apart. Such variation was not generally observed for the other enzymatic systems studied in the same populations (Lumaret 198 1 b) , so that it could be considered to be the result of a linkage disequilibrium effect. The occurrence of particular phenotypes in all the diploid or tetraploid polymorphic populations (e.g., digenic simplex, trigenic, or tetragenic types in diploids) was found to be in good agreement with PGIs being specified by genes at two distinct loci. Progeny analysis of appropriate crosses between individuals from the single monomorphic population and of plants from polymorphic ones confirmed these conclusions for the whole species.
Allelic Diversity per Population and per Individual
The average number of detectable alleles per population is 2.57 (range l-5) in diploids versus 4.30 (range 2-7) in tetraploids. The allelic diversity at loci PGI l-2 was also compared between populations using the entropy measure of Shannon and Weaver (1963) : Hpp = ZiZy -pi log2 pi, where pi is the frequency of the ith allele and n is the total number of alleles. This index combines diversity from both the numbers and frequencies of the alleles. For each, the H value is a maximum if the alleles are equifrequent. In this case, H,, = log;! n; E = &,JHmax, called "equitability," Doubled Duplication in the Dactyh glomerutu 5 13 reflects that part of diversity due to differences in allele frequencies. The average value (&& of allelic diversity was 0.95 in diploids versus 1.34 in tetraploids. These values are much higher than the average of those previously found in the same populations for six other enzymatic systems (flWr, = 0.33 and 0.62, respectively, in diploids and tetraploids) (Lumaret 1985) . The occurrence of two distinct loci to specify PGIs is very likely related to this unusually high polymorphism that is observed at both ploidy levels. Mean equitability was 0.74 in diploids versus 0.63 in tetraploids. This mea& that the higher diversity values found in tetraploids are mainly the result of the higher numbers of alleles per population and not of the relative proportions of these alleles, most of them being effectively present at the tetraploid level in very low frequencies. Low allele frequencies in autotetraploids cannot be considered as negligible because their presence is responsible for a significant increase in the allele number per individual and, therefore, for a tremendous increase in the number of different PGI isozymes per plant. Table 2 gives examples for several tetraploid populations as well as for the total tetraploids or diploids. Allele frequencies are not so different between the two ploidy levels, except that tetraploids possess several very-low-frequency extra alleles; but most of the diploid individuals are found to possess one or two distinct alleles at loci PGI l-2 while most tetraploid plants have at least two or three different ones.
Allelic Combinations on Chromosomes
Although linkage disequilibrium cannot be estimated by the usual methods because of the similarity of the isozymes specified by the two linked loci, it was possible, at least in diploids, to determine the relative proportion of chromosomes for which, at any one locus, alleles specify enzymes that have the same electrophoretic mobility (S) from the proportion of chromosomes with alleles that code for different electromorphs (D). The pollen/leaf comparative method was used in all the situations in which several combinations could be deduced from a single phenotype on zymograms. These proportions were compared, using a test, with those that would be obtained assuming independent assortment of the two genes and identical allele frequencies at both the loci. Results for diploid populations that belong to several subspecies are shown in table 3. Significant differences were found (at levels 0.05 or even 0.01) for all the sampled populations except 92. Moreover, all the populations showed a regular excess of S combinations, whatever the allele. This shows, again, that there is probably no fixation of any particular allele at one locus, the other locus being variable.
Discussion
Formal genetic analysis of the electrophoretic patterns of cytosolic PGIs (dimeric enzymes) demonstrates that the 14 known diploid Dactyh subspecies have two tightly, but not completely, linked genes with as many as five alleles that each specify a different PGI subunit. The considerable structural similarity of these two loci can be deduced from the two following observations: (1) The subunits that each locus specifies associate both with each other and in all possible combinations with those coded by the other locus. (2) Enzymes formed by subunits specified at one locus show exactly the same electrophoretic mobilities as enzymes consisting of subunits coded for by the other locus. This structural similarity, together with the genetic linkage, strongly suggests that one of the two genes originated from the other by a process of gene duplication. These genes share electrophoretically identical alleles that make it impossible to assign allelic variation to a specific locus of the duplicate pair. Consequently, the duplicated gene cannot be distinguished from the ancestral gene. Among the various processes . . . . . . . . . . .
(28.9)
. . . No-r%-Numbers in parentheses indicate the allelic combination frequencies that would be expected assuming the independent assortment of the two genes and similar allele frequencie the loci. S = W of cases in which alleles at both loci specify enzymes with similar electrophoretic migrations; D = % of cases in which the alleles code for enzymes that migrate at in gels.
(16.2) 3 (0)
* P = 0.05. ** P = 0.01. hnaret that could be responsible for gene duplication, the more likely one seems to be a tandem duplication process involving an unequal crossing-over. This hypothesis is mainly based on the occurrence of a tight linkage between the two loci. However, in this case, the duplicated chromosome segment is expected to be larger than the locus since a few recombinant individuals can be observed. PGIs have been investigated in species of numerous plant families. The well-studied but unique case of gene duplication concerning these enzymes is that regarding several species of Clarkia (Gottlieb 1977; Gottlieb and Weeden 1979; Weeden and Gottlieb 1979; Gottlieb and Greve 198 1; Gottlieb and Higgins 1984) . In Clarkia ancestral and duplicate genes assort independently, and the duplication is considered to have originated from a cross between partially overlapping reciprocal translocations rather than from unequal crossing-over, as is the likely case in Dactylis.
The fixation of gene duplication at a particular locus, even when it has originated from the unequal crossing-over process, can be considered as a rare or even unique event. The tribe to which Dactylis (a monospecific genus) belongs includes several other well-known genera, such as Festuca, Poa, and Bromus (Emberger and Chadefaud 1960) . PGIs have been studied in P. pratensis (Wu et al. 1984) and five species of Bromus (Kahler et al. 198 1) and have been more extensively analyzed in F. microstachys (Adams and Allard 1977) as well as in F. arundinacea (Lewis et al. 1980) . In none of these cases has gene duplication been reported. In contrast, the two duplicated genes have been observed in the whole D. glomerata species, including the more ancient diploid subspecies, such as himalayensis, aschersoniana, or smithii, all three (or their ancestors) considered as dating from the Miocene period (Stebbins and Zohary 1959; Borrill 1977) . It would thus appear that the duplication in DactyZis might have occurred either during the speciation or very early in the primitive forms of Dactylis but, in any case, before the adaptive radiation of the diploids and before the development of the tetraploids. These show a doubled duplication consequent on the polyploidization process of diploids that already possessed the PGI duplication.
Two sets of electromorphs could be distinguished from the whole-PGI homodimeric-isozyme variants in Dactylis. One consisted of enzymes migrating in gels at regular intervals of 0.25 units (in our usual experimental conditions), i.e., at migration distances 0. 25, 0.50, 0.75, 1 .OO, 1.25, 1.50, and 1.75 . Regularity in this pattern very likely reflects molecular constraints, and the several electrophoretic variants could be considered as derived from one another by mutations that produce similar modifications in the electrostatic charges of the molecular subunits.
Since, from the theoretical point of view, the probability of new mutations or reversions depends on the relative frequencies of the preexisting alleles from which these mutational events occur, the most frequent variants are expected to have intermediate mobilities and the less frequent ones are expected to occupy extreme positions. Variants with intermediate mobilities are also more likely than the variants with extreme charges to represent a class of several alleles coding enzymes differing in noncharge-related aspects and therefore not detectable by electrophoresis. Consequently, the excesses of chromosomes showing allelic combinations of the S type (i.e., both the alleles in the duplication produce subunits that have similar electrophoretic mobilities), which have been observed for several intermediate migrating levels in diploids (table 3) , could be considered to result, at least partly, from the occurrence of several alleles coding distinct enzymes within a single electrophoretic class. Such a situation previously has been found to occur in PGIs of C. xantiana, for which a particular single electrophoretic class was obviously shown to contain more than a single isozyme .
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The second set of electrophoretic variants includes the electrophoretic mobilities 0.67 and 1.12. These result from other kinds of mutations that produce enzymes with charge modifications that do not correspond to a 0.25 migrating step. They are found in low frequencies, are present in a few tetraploid populations, and are specified at only one of the two loci. So, each one of these two variants could be the product of a single mutation.
The biological significance of the PGI gene duplication in Dactylis resides essentially in the reasons why it has been conserved with the full expression of the genes throughout evolution of this polyploid complex. The present theories of gene evolution indeed assert that duplication permits one locus to maintain its original function while another, free from stabilizing selection, accumulates mutations that may be responsible for significant modifications in the structure, properties, or regulation of the products (Ohno 1970; McIntyre 1976; Weeden 1983a) . Theoretically, unless it acquires any unique functional or tissue specificity, a duplicate gene function is expected to be eliminated quite soon after duplication (Petit and Zuckerkandl 1976) . Conditions and rate of gene silencing by accumulation of deleterious or null alleles at one of the loci have given rise to numerous recent theoretical models (Nei and Roychoudhury 1973; Allendorf 1978 Allendorf , 1979 Kimura and King 1979; Li 1980; Maruyama and Takahata 198 1; Watterson 1983 ). According to these theories, gradual loss of redundant gene expression of duplicate loci in polyploid species may be considered as another way to assess the divergence of duplicated isozymes.
In Dactylis the original adjacent (very likely tandem) duplication of PGI genes is doubled again by the polyploidization process so that reasons for maintenance of gene duplication have to be discussed separately for each ploidy level. In diploids, the gene duplication cannot be considered as recent, since it very likely occurred in the primitive types of Dactylis, e.g., during the Miocene epoch 320 Myr ago. In general, fixation of the duplication in diploid populations would occur if linkage is incomplete and enzyme synthesis is unregulated (Spofford 1969 (Spofford , 1972 . Approximately 2% recombination has been observed between the two PGI duplicated loci in Dactylis, which could be interpreted as being the beginning of a separation and individualization of these loci. According to Weeden (19833) , PGIs do not show allosteric regulation and only a few natural regulators are known to be competitive inhibitors. Moreover, these enzymes, isolated from a wide variety of organisms including several plant species, exhibit very similar properties and are considered to have undergone relatively minor modifications during evolution. Gene conversion, which has been considered to maintain sequence homogeneity within protein-coding gene families (Dover and Coen 198 1; Jeffreys and Harris 1982) , could play some role in keeping duplicated genes similar.. Despite the apparent structural similarity of the two duplicate genes of cytosolic PGIs in DactyZis (most of the subunits that these genes specify form enzymes that have the same electrophoretic mobilities), the possibility of at least partial differentiation of the loci must not be completely dismissed. Although, in Dactylis, PGI molecules have not yet been purified and their properties (except denaturation by heat) have not been studied, the several following observations could support the idea of emerging differences in the PGI isozymes properties: (1) Slight differences in the enzyme expression have been observed in vitro between the homodimers migrating at the different levels. Very small but consistent variations also have been noticed between populations and more generally between the subspecies or even between enzyme extracts from different organs (e.g., pollen and leaf) in the same individual. (2) The excess of S allelic combinations on chromosomes (see above) could reveal the presence of several distinct enzymes possessing similar electrophoretic properties but different for other molecular 518 Lumaret characteristics. In C. xantiana pe. two PGI homodimers with the same relative electrophoretic mobility have been shown to have different K,,, values and to be present in distinct populations (Gottlieb and Greve 198 1) . (3) Considering the geographic distributions of polymorphism at the PGI l-2 loci, several puzzling correlations have been observed between frequencies of particular alleles and environmental conditions of the natural populations; for example, in several subspecies the frequency of PGI l-2 l.00 is systematically higher in populations that are all growing at either high altitudes (1,500-3,500 m) or high latitudes, i.e., in particular cold conditions (populations 88, 89, 9 1, 99, 100, 116, and 117 in fig. 4 ). The occurrence of selective effects that would imply variations in the isozyme's properties cannot be completely excluded as an explanation of these correlations. Another explanation for the prolonged retention of PGI duplicate loci in diploid Dactylis is the possibility that several active alleles, especially if the enzymes they specify possess different properties, may confer a selective advantage when many are present in a single individual. Natural selection for S allelic combinations on chromosomes could be a relevant means, in an allogamous species such as D. glomerata, of increasing the number of doubly heterozygous individuals.
At the tetraploid level, all the eight loci (i.e., four homologous copies of each one of the two adjacent duplicated loci) are found to be expressed in all the natural DactyZis populations that have been studied. The similarity of the staining intensities of bands on zymograms that is observed between the two ploidy levels cannot be interpreted as being the result of the accumulation of null alleles, in contrast to the situation in the autotetraploid complex of salmonids (Stoneking et al. 198 1) . It could be the result of gene regulation, but, more simply, it may arise from the fact that, since polyploidy does not generally alter the level of expression per cell, polyploid individuals have more genes per cell but fewer and larger cells per volume than do diploid individuals (Tal 1980; R. Lumaret, unpublished data) , so that the concentration of various molecules may remain approximately the same between the different ploidy levels. However, the allelic diversities per population and per individual at the PGI 1-2 loci are still significantly increased in tetraploids compared with those observed in diploids.
A usual criterion for estimating the rate of gene silencing is the age of the polyploidization event. Two sets of old and recent polyploids are generally distinguished. Among the former, approximately half the number of loci have been silenced in the two well-studied groups of animal species, i.e., Salmonidae and Catostomidae, for which the polyploidy occurred -100 and -50 Myr ago, respectively (Allendorf et al. 1975; Ferris and Whitt 1977) . In plants, the oldest presumed polyploid species are the ferns or their relatives, which show no evidence of duplications and behave as normal diploids. This is interpreted as resulting from the silencing of most or even all of the duplicated loci (Weeden 1983a ). In the more recent polyploids, however, only a slight diversification and a few silenced loci have been observed. This is the case in wheats (Garcia-Olmedo et al. 1978; Hart 1979) , in which -20% of the loci have been silenced. Development of tetraploids in Dactylis is supposed to date from the last Ice Age (Stebbins and Zohary 1959; Borrill 1977) , i.e., to be of approximately the same age as polyploid wheats ( 10,000 years). No obvious evidence of gene silencing is observed in Dactylis, not only for PGIs but also for six other enzyme systems (12 loci) in this complex that have been extensively studied (Lumaret 198 la, 198 lb, 1982 (Lumaret 198 la, 198 lb, , 1984b (Lumaret 198 la, 198 lb, , 1985 . A more rapid loss of gene expression is considered to occur in the early history of polyploids (Allendorf 1979 ), but, as Ferris and Whitt ( 1977) have pointed out, the process is not entirely random and the duplicate gene expression of PGIs, for example, is generally observed to be conserved probably because of metabolic constraints. Moreover, allopolyploids can be considered as "permanent heterozygotes" in which Doubled Duplication in the Dactylis glomerufu 5 19 positive as well as negative heterotic interactions between homeoalleles are effectively fixed. Negative heterosis could be a significant force in the loss of duplicate gene expression. Consequently, ahopolyploids are likely better candidates for the genesilencing process than are autopolyploids. In that case, the fulI expression of the doubled duplication of cytosolic PGIs in DactyZis could be maintained.
